Background Medical surveillance of uranium miners can include periodic chest X-ray examinations. This study aimed to assess the X-ray exposure due to occupational health monitoring in the French cohort of uranium miners, and to test whether consideration of this additional radiation exposure impacts the excess risk of lung cancer death associated with radon exposure. Method X-ray exposure due to occupational health monitoring was estimated retrospectively based on review of a sample of miners' medical records and bibliographic data. Four exposure scenarios were designed, differing in their assumptions about the type of procedures performed, their frequency, and the lung dose delivered. Radon exposure and lung doses from exposure to α-particle emitters and external γ rays have previously been individually assessed. Exposure-risk and dose-risk relations were estimated by Poisson regression with a linear excess relative risk (ERR) model. Results The cohort included 5086 miners with a mean follow-up duration of 30.1 years. The mean number of chest X-ray examinations ranged from 15.1 in the lowest to 34 in the highest-exposure scenario, and produced a mean cumulative lung dose ranging from 4.6 to 34.2 mGy. The role of occupation-related imaging screening X-ray procedures in total equivalent lung dose appeared insignificant compared to α-emitter exposure. X-ray exposure was not associated with lung cancer mortality risk. The ERR associated with radon remained significantly positive when X-ray exposure was included in the multivariate analysis. Conclusions X-ray exposure did not confound the exposure-risk relation between radon and lung cancer.
INTRODUCTION
Radon is a natural radioactive gas that appears in the decay chain of uranium, a mineral found in the earth's crust. Uranium miners are, therefore, particularly exposed to radon and its progeny, and most of our knowledge about the health effects of radon comes from epidemiological studies in cohorts of uranium miners. 1 The French cohort is one of several that have demonstrated an excess risk of death from lung cancer, [2] [3] [4] [5] the only disease clearly associated with radon inhalation today. 6 Studies are now seeking to quantify this increased risk more precisely. For example, the impact of smoking habits and silicosis status on the relation between radon exposure and risk of lung cancer death has been assessed among the French miners. 7 8 Uranium miners are exposed to various hazardous agents. They must use difficult postures, handle hazardous agents, and face the risk of accident, physical exposures (eg, ionising radiation, noise and vibrations), and chemical agents (silica, arsenic and diesel exhaust). They have, thus, been subject to reinforced medical surveillance, which by law includes lung imaging examinations. Moreover, after the Second World War, tuberculosis was a major public health concern, and the mass X-ray screening naturally included workers. 9 The International Agency for Research on Cancer 10 defines x and γ radiation as Group 1 human carcinogens. An increase in the risk of lung cancer has been found among atomic bomb survivors and patients treated with radiation for benign or malignant conditions. 11 To date, however, little evidence exists regarding an excess risk at the low doses involved in diagnostic procedures among adults. 11 One case-control study has shown an association between the number of occupational X-ray examinations and the risk of lung cancer, 12 but questions could be raised about the methods it used to estimate radiation exposure; its results should be interpreted cautiously. In any case, the state of knowledge about this association is far from definitive.
What this paper adds
▸ Epidemiological studies of uranium miners have demonstrated the carcinogenicity of radon to the lungs. The exposure-risk relation must be refined by testing potential confounding or modifying factors. ▸ Uranium miners were periodically exposed to chest screening examinations that used X-rays that could affect the relation between radon exposure and lung cancer. ▸ In the French cohort of uranium miners, lung-absorbed dose due to X-rays appeared low compared to the dose due to α-emitters, and regular X-ray imaging did not confound the dose-risk relation between radon exposure and lung cancer mortality.
Accordingly, the impact of X-ray exposure during long-term medical surveillance on the radon-associated risk of lung cancer among uranium miners should be considered. This hypothesis has never been tested in the open scientific literature. The study aims to estimate the X-ray exposure associated with chest X-ray screening in the French uranium miner cohort, and to investigate the relation between X-ray exposure and risk of lung cancer death. Then the second objective was to check whether X-ray exposure might be a confounding or a modifying factor for the relation between risk of lung cancer death and cumulative radon exposure.
METHODS
The detailed procedures involved in setting up and monitoring the French cohort of uranium miners have been published previously. 4 We briefly review the main lines of the protocol.
Cohort definition and follow-up
The French cohort includes all men who worked at least 1 year between 1946 and 1990 as a uranium miner in one of the four main mining divisions of CEA-COGEMA: Crouzille (Haute-Vienne), Vendée, Forez (Saone et Loire), and Hérault. Each miner was included in the cohort as of the first anniversary of his hiring. The cohort has been followed-up through the end of 1999.
At the end of the follow-up, the vital status of each miner was collected from the French national vital status registry and recorded in one of the following four categories: alive, dead, alive at 85 years old, and lost to follow-up. Causes of deaths came from the French national mortality database (CepiDC). When this procedure was unsuccessful, especially for deaths occurring before the creation of CepiDC in 1968, we conducted additional research, querying the personnel office and medical department of CEA-COGEMA. Lung cancer was code 162 according to the 8th (before 1979) and 9th revisions of the International Classification of Diseases.
Occupational exposure: data collection
The methods of radon exposure measurement varied between 1946 and 1999. The year 1956 was a turning point in the history of the cohort, when important measures of radiation protection were set up in the mines. This improved prevention, which included the introduction of forced ventilation in the galleries, produced a significant reduction in the concentration of radioactive gases and dust in the mine air. At the same time, individual dosimetric monitoring began. Thus, for the period 1946-1955, radon exposure was estimated retrospectively by expert judgment, while from 1956 through 1982, individual monthly exposure was assessed from ambient measurements in mines, from job type and time spent in the mine. From 1983, exposure data came from personal dosimeters worn by miners. Radon exposure was expressed in working level months (WLM), with WL the concentration of short-lived radon decay products (RDP) per litre of air giving rise to 1.3×10 5 MeV of α energy after complete decay. One WLM of cumulative exposure corresponds to exposure to 1 WL during 1 month (170 h), and is equivalent to 3.5 mj h/m 3 . In addition to radon exposure and its short-lived progeny (α emitters), individual miners' exposure to uranium ore dust (long-lived radionuclides (LLR), which are also α emitters, expressed in kBq h/m 3 ) was based on ambient measurements until 1982 and recorded by a personal dosimeter from 1983. External γ radiation emitted by the ore (expressed in mSv) was also individually recorded from 1956 through the end of follow-up by a personal dosimeter. Consequently, we also studied the effect of all ionising radiation exposure on this subcohort (the post-55 cohort).
Occupational exposure: estimation of absorbed lung dose To improve assessment of the different types of radiation to health risk, a European collaboration developed a new approach based on organ dose. 13 The calculation of the absorbed lung dose was based on the ICRP Publication 66 Human Respiratory Tract Model 14 and on several other parameters related to inhaled aerosols, subjects, target cells, absorption rates of deposited particles, and working conditions in the mines. 15 Thus, an individual annual absorbed lung dose was calculated for each miner of the post-55 cohort. This dose was detailed by type of radiation (α dose due to radon gas, RDP and LLR arising from uranium ore dust, and non-α dose due to external γ rays) and expressed in Gray.
X-ray exposure
The assessment of X-ray exposure was performed for chest X-ray examinations mandatory for miners during employment at the mine through the occupational medicine department to screening for lung diseases, mainly tuberculosis and silicosis. Historically, there have been three types of chest imaging examinations. 16 Fluoroscopy was the first technique developed; the photons are partially absorbed as they pass through the thorax, and the rest are detected by a fluorescent screen. X-rays are emitted throughout the real-time reading by the physician, usually for 15-20 s. This technique is particularly irradiating, especially before luminance amplifiers came into use.
Photofluoroscopy is a refinement of fluoroscopy, in which the viewing screen has been replaced by a small photograph of the image, which is subsequently interpreted. This reduces the dose received by the patient. The third technique is the least irradiating: conventional radiography, in which an X-ray beam emitted for a fraction of a second prints a radiographic film that is then developed. Our first step in assessing X-ray exposure was to review a sample of the miners' medical records to determine the type and frequency of examinations actually performed. We analysed 66 medical files, through a random selection stratified according to calendar year and mining location (for medical practices varied by both these factors). This analysis showed there was no individual history card of these examinations. Very little information could be found for the period before 1955 or for the mines located in Hérault. The procedure for archiving files had led to the destruction of numerous documents (in each case, only the first and last two examinations were archived). Nonetheless, the review of those 66 medical files showed that the occupational physicians' notes at each visit provided information about every examination. We determined the dates of the medical visits for which X-ray examinations were indicated, and calculated the time interval between these visits. This interval differed between the mines (on average, nearly 11 months in Crouzille, 7 in Vendée, 9 in Forez) and did not change significantly over time. No photofluoroscopic film was found.
In a second step, a lung absorbed dose was determined for each procedure. In the absence of field data, this assessment was based on the medical literature. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] Medline was searched for articles in English or French on radiation dose for chest X-ray diagnostic procedures between 1950 and 1990. Other resources were sought in the documentary collection of the French Institute for Radioprotection and Nuclear Safety. In addition to this bibliography-based dose assessment, a further lung-absorbed dose was calculated by a Monte Carlo simulation (PCXMC2.0 software, STUK) based on settings intended to provide strong patient protection for chest radiography and for chest fluoroscopy.
Finally, by making different hypotheses about the type, the frequency, and the dose of each examination assessed on the basis of bibliography, we developed several scenarios of X-ray exposure reported in table 1: a high-dose scenario (scenario 1), an intermediate-dose scenario (scenario 2), and a low-dose scenario (scenario 3). Although the medical records sample found no photofluoroscopic film, photofluoroscopy was included in scenario 1 because we could not rule out with any certainty the destruction of such films when the records were archived. Since this technique was widespread in chest screening, and was authorised by the French regulations for occupational screening, it was one hypothesis in the worst-case scenario, scenario 1. A final scenario was based on the Monte Carlo simulated doses (scenario 4). Since the simulations were based on very protective settings for patients, this scenario was named the ALARA scenario.
Statistical analysis
Correlations between log-transformed cumulative radon and X-ray exposures have been performed to calculate Pearson coefficients (r) under log-normalised distribution conditions. Correlations have been also calculated across categories of employment duration (<5, 5-10, 10-15, 15-20, 20-30, and ≥30 years), and period of work (<1955, ≥1955, the year where fluoroscopy was abandoned).
The number of person-years at risk was calculated for each miner as the time between entry into and exit from the cohort. Person-years have been cross-classified by 5-year intervals for calendar years and attained age, by quartiles of X-ray exposure for each scenario, and separately by cumulative radon exposure (0, 0-10, 10-50, 50-100, 100-150 and ≥150 WLM), and categories of cumulative lung doses defined by quartiles (ie, 0, 0-14, 14-49, 49-150 and ≥150 mGy) for the total lung dose, (0, 0-3.6, 3.6-21.4, 21.4-83.6 and ≥84 mGy) for the α lung doses, and (0, 0-29.4, 29.4-54.1, 54.1-100.7 and ≥100.7 mGy) for the non-α lung doses.
Associations between time-dependent cumulative exposures and lung cancer mortality were assessed by a linear excess relative risk (ERR) model; the form of the relative risk (RR) was RR=1+β radon w radon or RR=1+β X-ray x X-ray (model 1), with w radon the cumulative radon exposure and x X-ray the cumulative X-ray exposure at time t and β radon or β X-ray the crude ERR per unit of exposure. For example, an ERR equal to 0.5 means that the RR increases of 50% per unit of exposure, corresponding to a RR equal to 1.5.
Then, X-ray dose was included in the model as an adjustment factor in multivariate analyses:
RR=1+β radon w radon +β X-ray x X-ray (model 2). In both models, β radon was compared with the likelihood ratio test (LRT). Furthermore, the relation between radon and lung cancer risk has been also assessed when X-ray exposure was included in the background term. Afterwards, the modifying effect of X-ray exposure has been investigated from the following model: RR=1+Σ β j w j (model 3) where w j is the cumulative radon exposure received for two time windows j of X-ray exposure (</≥ median of X-ray exposure for each scenario), and β j the ERR per 100 WLM associated with each window j.
In the post-1955 subcohort, α lung doses and non-α lung doses (including external γ and X-rays) were separately included in model 1, and then simultaneously considered in model 2.
A 5-year lag time was considered to take into account a minimum latent period between exposure and effect. Internal and external Poisson regressions were used to fit these models. Internal regression used the baseline risk stratified by calendar year and attained age. External Poisson regression used a baseline risk assumed to be proportional to the expected number of deaths derived from the national mortality rates of the general population for French men. Maximum likelihood parameter estimates and likelihood-based 95% CIs were obtained from the AMFIT module of Epicure software. The SAS and Epicure packages were used for statistical analyses. Table 2 reports the characteristics of the population. The complete cohort included 5086 uranium miners who contributed 153 063 person-years at risk and accounted for 159 deaths due to lung cancer. Excluding miners employed before 1956, the post-55 subcohort included 3377 uranium miners (89 405 person-years at risk, 66 deaths due to lung cancer). Miners were exposed to a cumulative mean of 36.6 WLM in the complete cohort (corresponding to a person-year weighted cumulative mean of 25.9 WLM). In the post-55 cohort, miners were exposed to a cumulative mean of 17.8 WLM of radon, 54.7 mGy of external γ ray and 1.63 kBq/m 3 h of LLR. The individual cumulative lung absorbed dose, estimated in the post-55 subcohort, averaged 129.7 mGy, with an average of 75.5 mGy from α emitters. RDP accounted for 97% of the total α-particle dose.
RESULTS

Study population
X-ray exposure
The mean number of career-long chest X-ray screening examinations performed was: for scenario 1, 34 (range: 3-109) for the total cohort and 33 (3-88) for the post-55 subcohort; in scenarios 2 and 4, 23.2 (2-76) and 22 (2-59), respectively; and for scenario 3, 15.1 (1-51) and 13.9 (1-35) (figure 1). The mean individual lung dose due to X-rays, expressed in mGy, was: for scenario 1, 34.2 (2.5-157.5) for the total cohort and 26.3 (2.5-70.6) for the post-55 subcohort; for scenario 2, 13.1 (0.7-83.7) and 6.6 (0.7-17.8), respectively; for scenario 3, 6.7 (0.2-62.4) and 2.8 (0.2-7); and for scenario 4, 4.6 (0.2-30.6) and 2.2 (0.2-5.9) (figure 2).
A huge decrease in X-ray dose was observed after 1955, when fluoroscopy was abandoned and the procedures were spaced further apart: the mean annual lung dose received by a miner was reduced from 9.16 mGy to 1.58 in scenario 1, from 7.14 to 0.40 in scenario 2, from 5.70 to 0.21 in scenario 3, and from 2.68 to 0.13 in scenario 4.
Adding the X-ray dose to the mining dose estimated in the post-55 subcohort increased the total lung dose by 20.3% to 156 mGy in scenario 1, by 5.2% to 136.4 mGy in scenario 2, by 2.2% to 132.5 mGy in scenario 3, and by 1.7% to 131.9 mGy in scenario 4.
Pearson coefficients for correlations between cumulative radon and X-ray exposures were 0.36, 0.42, 0.55 and 0.42 (p<0.001) for scenarios 1, 2, 3 and 4, respectively. Correlations decreased with the increasing employment duration, and remained significant in each category. In scenario 1, r=0.64, 0.50, 0.32, 0.30, 0.28, 0.15 across the respective categories of employment duration (<5, (5-10), (10) (11) (12) (13) (14) (15) , (15) (16) (17) (18) (19) (20) , (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) , ≥30 years). Similar patterns were observed for the other scenarios. For the period of work before 1955, the r values were included between 0.08 and 0.21 according to the different scenarios. After 1955, the Pearson coefficients were similar to those observed in the total cohort.
Dose-risk relation
In the total cohort, the univariate relation (model 1) between radon exposure and lung cancer risk was significantly increased, whereas X-ray exposure was not (table 3) .
In the multivariate analyses (model 2) performed on the total cohort, the association with radon exposure remained significantly positive, with an estimated adjusted ERR of the same order of magnitude, whereas X-ray exposure remained nonsignificant (table 3) . Risk estimates were not improved by adjusting for X-ray exposure ( p(LRT)>0.05), except in scenario 4 where the risk estimate for X-ray exposure was slightly modified (p(LRT)<0.001, ERR (X-ray)=−1.58 per 100 mGy). Table 3 presents the results with internal regression. Similar results were found with external regression (data not shown). When X-ray exposure was included in the background term, ERR per WLM increased a little bit and remained significant. Furthermore, when we narrowed the analysis to the miners with lowest radon exposure level (<25, <50 or <100 WLM, data not shown), X-ray exposure still had no impact on the estimated dose-risk relation.
X-ray exposure modified the relation between radon exposure and lung cancer mortality risk in scenarios 2, 3 and 4 (model 3): the ERR per 100 WLM observed for X-ray exposure ≥ median were very close to those observed in model 1, but the ERR observed for X-ray exposure < median were much higher (table 3) .
In the post-1955 subcohort, the lung absorbed α dose, mostly due to RDP (97% of the total lung dose) was significantly associated with the risk of lung cancer death. The unadjusted ERR per Gy were equal to 4.07 (0.94; 10.31), 4.05 (0.93; 10.29), 4.22 (1.05; 10.58) and 3.90 (0.87; 9.95) respectively in scenario 1, 2, 3 and 4. The ERR of lung cancer death associated with α dose remained significant when adjusting for non-α radiations including X-rays (ERR=6.54 (2.71; 10.37), 7.04 (2.70; 11.4), 7.17 (2.38; 11.96), and 6.94 (2.81; 11.07), respectively, in scenarios 1, 2, 3 and 4), but coefficients estimated for non-α lung doses were instable.
DISCUSSION
As expected, French uranium miners were exposed to ionising radiation during periodic chest X-ray screening examinations. X-ray dose was not associated with lung cancer mortality and did not confound the dose-risk relation between radon exposure and lung cancer mortality. This was true in all analyses, regardless of the X-ray exposure estimates. A modifying effect of X-ray exposure for the radon exposure-lung cancer risk relation was observed. The ERR observed among miners with the lowest X-ray exposure-that is, the miners employed after 1955-had the same order of magnitude than the ERR previously observed in the post-1955 cohort (ERR=2.12 per 100 WLM). 28 The ERR observed among miners with the highest X-ray exposure were close to those observed in the total cohort including all the miners exposed to X-ray before and after 1955. Since the delivered X-rays dose decreased after 1955, when fluoroscopy disappeared, the observed modifying effect of X-ray exposure could probably result from a period effect.
French miners had to comply with X-ray screening which was a regulatory requirement. They appeared to have moderate or even low occupation-related X-ray exposure. The procedure of chest fluoroscopy involved high levels of irradiation, and in the 1950s, French regulations banned its use for occupational silicosis screening (Decree No. 54-1277 of 24 December 1954 of the Ministry of Industry and Trade). Thereafter, French miners were exposed to examinations involving lower levels of irradiation (radiography or photofluoroscopy). Our simulations found an individual annual lung dose due to X-ray screening of about 1 mGy after 1955. The cumulative X-ray lung dose averaged 34.2, 13.1, 6.7 and 4.6 mGy, respectively, in the first, second, third and fourth scenarios for a mean work duration of 16.4 years. These doses are lower than those observed in three large cohort studies assessing the risk of lung cancer associated with X-rays: 41 mGy in 5573 women with spinal disorders diagnosed between 1912 and 1965, 29 840 mGy in 13 385 tuberculosis patients treated between 1925 and 1954 in Massachusetts, 30 and 1020 mGy in 64 172 patients treated in Canadian sanatoriums between 1930 and 1952. 31 Our results are consistent with these three studies, none of which found an association between X-ray exposure and lung cancer mortality.
The exposure to external γ rays and α emitters, including radon gas, RDP and LLR have been previously assessed among the post-55 subcohort and their association with lung cancer risk previously studied. An increased risk was observed with each exposure but correlation between exposures did not allow to disentangle their own effect. 5 28 Such analyses have been performed among larger cohorts where the lung cancer risk remained associated with radon after adjustment for γ exposure. 32 33 The mean absorbed lung doses due to α and non-α emitters were equal to 75 and 54 mGy, respectively. Taking X-ray exposure into consideration resulted in a modest (+20.3% in scenario 1) or low (+5.2% in scenario 2, +2.2% in scenario 3, and +1.7% in scenario 4) increase in the total lung absorbed dose. That is, an absorbed dose does not take into account the relative biological effectiveness associated with types of radiation, but an equivalent dose does. The conversion from absorbed dose into equivalent dose is based on the multiplication of the absorbed dose by a radiation-weighting factor (w R ) specific to each type of radiation. The International Commission for Radiological Protection has proposed that this factor be valued at 1 for X-rays and 20 for α radiation. 34 The role of X-rays from occupational health screening in total equivalent lung dose seemed insignificant compared to that of α emitters (less than 2%, even in scenario 1). Further analyses were conducted among miners with low exposure to radon, but they failed to confirm the hypothesis that X-ray exposure might have an effect in this group with a lower α dose.
As previously shown, the French cohort of uranium miners is characterised by its long duration of follow-up, and its very low rate of loss to follow-up and of unknown causes of death. 4 It is also characterised by the quality of the assessment of radon exposure, particularly since 1956, and a low level of radon exposure (mean person-year weighted cumulative exposure=25.9 WLM) compared to other cohorts (84.8 WLM among Canadian miners 33 or 218 WLM among German miners 32 ). A limitation is the lack of information on other exposures known to be risk factors for lung cancer, such as smoking and silicosis. Nevertheless, in the French cohort of uranium miners, a nested case-control study, set up specifically to collect Figure 1 Distribution of the number of X-ray examinations performed per miner during his career, according to the four X-ray exposure scenarios, for the total cohort and the post-55 subcohort. Upper whiskers represent the 95th percentiles and lower whiskers the 5th percentiles. The bottom and top of the boxes represent the 25th and 75th percentiles. The horizontal line through the middle of the boxes is the median. Figure 2 Distribution of the individual cumulative absorbed dose to the lungs due to X-rays, according to the four X-ray exposure scenarios, for the total cohort and the post-55 subcohort. Upper whiskers represent the 95th percentiles and lower whiskers the 5th percentiles. The bottom and top of the boxes represent the 25th and 75th percentiles. The horizontal line through the middle of the boxes is the median. smoking and silicosis information for a subgroup of miners, showed that smoking and silicosis were associated with lung cancer mortality but did not significantly modify the relation between radon and lung cancer. 7 8 Neither factor was included in our analyses, but as no association between X-rays and lung cancer was found, it did not appear useful to consider these factors in further analyses.
Finally, the main limitations of this study are those inherent in the assessment of X-ray exposure. Ideally, there would be an individual statement for each miner of every examination they underwent as part of the occupational medicine follow-up. Unfortunately, this is not the case, a situation due to and pointing out the lack of traceability of medical X-ray exposure in old occupational medicine records. Similarly, no information was available regarding the X-ray exposure outside the frame of occupational medicine monitoring. Nevertheless, it is unlikely that miners have performed additional chest X-ray screening exams outside occupational health services during their employment at mine, or, after retirement, additional X-ray procedures related to their previous occupational exposures. The imperative need to compensate for the absence of an individual X-ray procedures history has made it necessary to develop an alternative way to estimate X-ray exposure.
Retrospective assessment of exposure to ionising radiation during imaging procedures is always a difficult, if not dubious, exercise in epidemiological studies. Truly realistic doses can be obtained only with knowledge of the actual radiologic equipment used and their settings for in situ dosimetric measurements. Because this was impossible, the assessment of X-ray exposure was based on assumptions. Many characteristics play a role in determining the radiation dose received by a patient during an examination: equipment and film parameters, patients' characteristics, and the number of images taken in a procedure. In most studies, particularly in retrospective epidemiological studies such as ours, these characteristics are unknown, and the choice of a dose per examination is based on probabilities rather than certainties. The comparison of two studies of the risk of leukaemia illustrates this difficulty: each retrospectively estimated a bone marrow-absorbed dose for a chest radiographic procedure for Here, we were dealing with a 54-year-long work period, at different sites, with several types of procedures performed at widely varying doses. It seemed more appropriate to make estimates for four exposure scenarios, rather than accepting the bias linked to a single choice and its illusory precision. These scenarios were developed to cover all reasonably foreseeable situations.
First, we based our hypotheses on a review of medical records. The sample of cases examined, albeit small, was adequate for collecting the relevant information. Increasing the sample size would not have provided additional useful data. Data were particularly poor for the most distant periods and the Hérault location, but the scenario strategy enabled us to compensate for this inadequacy. Medical surveillance procedures were a regulatory requirement. The findings from the medical records were consistent with the history of French regulations, particularly regarding silicosis prevention; it required a thoracic image at hiring that was to be repeated every 6-24 months depending on exposure conditions; fluoroscopy was banned in 1955. 37 In practice, the review of medical records did not show different frequencies in the use of X-ray screening according to the job or the radon exposure level. This was confirmed by the low correlation observed between radon and X-ray exposures before 1955, the period where both exposures were the highest.
Improvements in radiologic techniques and increased concern about radiation protection may have caused a reduction in the dose delivered for particular types of procedures, but the scenarios did not consider a temporal change in the dose. Crude dosimetric data are available to help understand the changes in doses during chest examinations during the second half of the 20th century. In the oldest publications, lung dose was not calculated, because the lung was not yet an organ of a particular interest, as the gonads were from the start, and subsequently the bone marrow. [24] [25] [26] [27] Skin dose was always published, however. Accordingly, even though comparing studies was not a trivial task (because of the differences in radiologic techniques and dosimetric measurements and calculations), sufficient data are available to identify a trend. Thus, technological advances during the second part of the 20th century helped to reduce-probably even halve-the doses received by patients in chest radiographs. 38 39 But the variability of the dose between different imaging centres at any given time was even greater than this 2 : 1 ratio. 17 18 22 40 For example, a study conducted at different Finnish sites in 1988 evaluated the entrance skin air kerma in chest anterior-posterior (AP) radiography and found a global mean dose of 0.27 mGy, but the mean doses per centre ranged from 0.035 to 0.84 mGy. 17 This great variation in patient doses illustrates the absence of standardisation of radiographic examinations due to the wide range of radiographic techniques, processing conditions, and screen-film speeds. Introducing a time-related dosimetric variable into the exposure scenarios thus appeared to us to be a futile precision.
Finally, we worked out four scenarios that covered all contingencies between an ALARA-dose scenario and the high-dose scenario. The lowest-dose scenario (scenario 4) was based on X-ray procedures using the lowest doses that were theoretically achievable (0.1 mGy). It is unlikely that these were actually used for the medical supervision of all the miners. On the other hand, the high-dose scenario (scenario 1) retained twice-yearly examinations with a high dose per exam (0.8 mGy) and can be considered a worst-case scenario that is also unlikely. The intermediate-dose scenario (scenario 2) synthesised the data from the sample of miners' medical records, compared them with the possibilities allowed by the French regulation, and assumed the most likely hypotheses. In any case, all four dose-risk analyses produced the same conclusions.
In conclusion, this paper describes the first study of the impact of X-ray exposure on radon-associated lung cancer risk among uranium miners. It provides an interesting comparison between occupational radiation exposure in mines and the radiation exposure related to health monitoring. We found no association between X-ray exposure and the risk of lung cancer death, and X-ray exposure did not confound the radon-lung cancer risk relation. Nonetheless, although X-ray exposure need not be taken into account in the relation between radon and lung cancer in the French cohort of uranium miners, it remains a relevant issue in other research settings, including studies of diseases in other organs (such as the bone marrow) or of the effects of low-dose radiation, as among nuclear industry workers. Further, our paper emphasises the need to ensure the traceability of the diagnostic procedures performed in occupational medicine.
